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We report on the magnetic excitation spectrum of the coupled spin tetrahedral system
Cu2Te2O5Cl2 using Raman scattering on single crystals. The transition to an ordered state at
TClN =18.2 K evidenced from thermodynamic data leads to the evolution of distinct low-energy mag-
netic excitations superimposed by a broad maximum. These modes are ascribed to magnons with
different degree of localization and a two-magnon continuum. Two of the modes develop a substan-
tial energy shift with decreasing temperature similar to the order parameter of other Neel ordered
systems. The other two modes show only a negligible temperature dependence and dissolve above
the ordering temperature in a continuum of excitations at finite energies. These observations point
to a delicate interplay of magnetic inter- and intra-tetrahedra degrees of freedom and an importance
of singlet fluctuations in describing a spin dynamics.
PACS numbers:
I. INTRODUCTION
Frustration and competition of magnetic interactions is
one of the central concepts in condensed matter physics.1
It is related to unusual ground states and (quantum)-
criticality as well as exotic low-lying excitations. The
latter may reach a fascinating complexity due to the di-
chotomy of local singlet versus collective magnon states.
A prominent example is found in the 3D pyrochlore lat-
tice antiferromagnets (AF), consisting of corner-sharing
tetrahedra. Such systems have a macroscopic number of
classical ground states. Weak residual interactions of lat-
tice and orbital origin lift these degeneracies in the limit
to low temperatures.2 Furthermore, order-by-disorder ef-
fects may be observed.
A weakly coupled counterpart of the pyrochlore sys-
tem with S=1/2 is realized in the oxohalide Cu2Te2O5X2
(X=Br,Cl) and Cu4Te5O12Cl14 compounds.
3,4 Four
Cu2+ clusters form a distorted tetrahedron, which aligns
in chains along the c axis. The tetrahedra are separated
by lone-pair ions within the ab plane that allow an easy
modification of the important in-plane exchange paths5
along oxygen and halogenoid ions using substitutions,
chemical modifications4 and pressure.6,7 Unlike the py-
rochlore system, each tetrahedron is isolated while still
being coupled by inter-tetrahedral couplings. From spin
topology point of view the arrangement of Cu2+ realizes
all prerequisites for quantum criticality.
Cu2Te2O5X2 shows an incommensurate magnetic or-
dering at TBrN =11.4 K in X=Br and T
Cl
N =18.2 K
in X=Cl.8,9 The observed ordered magnetic moment
0.395(5) µB of Cu
2+ is strongly reduced for X=Br, com-
pared to the classical value of ∼ 1µB.
10 In contrast, for
X=Cl the moment of 0.88(1) µB is closer to the saturated
one. Since the unit cell volume decreases by 7% as Br
is substituted by Cl, the ratio between intra-tetrahedra
and inter-tetrahedra couplings seems to be a crucial fac-
tor for understanding the respective magnetic behavior.
Indeed, the ab initio calculation5 shows that exchange
paths vary with composition because the Cl 3p orbital at
the Fermi level is more strongly distorted towards the Cu
3d orbital than the Br 4p orbital. Moreover, for X=Cl in-
plane inter-tetrahedral diagonal interaction is estimated
to be nearly as strong as the intra-tetrahedral interac-
tion. With applied pressure TBrN =11.4 K is systemati-
cally reduced, implying a decrease of the magnetic inter-
2tetrahedra coupling strengths and an enhanced degree
of frustration.6 The effect of symmetry can be studied
comparing Cu2Te2O5Cl2 with Cu4Te5O12Cl14 as in the
latter system the spin tetrahedra have a larger separation
within the ab plane including an inversion center.3,4 As
a result it shows a more mean-field like character of the
magnetic properties.
In spite of the similar magnetic ordering structure of
Cu2Te2O5X2 with X=Br,Cl, the detailed magnetic prop-
erties differ from each other. First, the effect of an
external field and pressure on TN is opposite.
8,11 For
X=Br, TN decreases with increasing external field or
pressure while for X=Cl TN increases with increasing
field or pressure. Second, thermal conductivity differs
from each other. The bromide shows a round maxi-
mum at low temperature while the chloride displays a
levelling-off followed by a steep increase for temperature
below 15 K.12,13 Third, inelastic neutron scattering (INS)
measurements uncovered that the two compounds show
a marked difference in the temperature dependence of
magnetic excitations.14 For X=Br, upon heating the in-
tensity of magnetic excitations decreases monotonically
while undergoing no change in lineshape. For X=Cl,
however, the magnetic continuum shifts to lower energy
and then evolves to a quasielastic diffusive response above
TClN . This suggests that the nature of spin dynamics of
both compounds is unlike.
In previous Raman investigations of
Cu2Te2O5Br2
8,15,16 various magnetic excitations have
been observed in the spin singlet channel that provided
evidence for the presence of a longitudinal magnon in
this system. The latter is an important prerequisite
for a proximity to quantum criticality.17,18 In contrast,
the magnetic excitations of the X=Cl system have not
been fully addressed due to the lack of sizable single
crystals. To enhance our understanding of this weakly
interacting tetrahedron system and to differentiate the
spin dynamics of X=Br and Cl a thorough Raman
spectroscopy investigation of X=Cl is indispensable.
In this paper, we report dc magnetic susceptibility,
high-field magnetization, and Raman scattering mea-
surements of large single crystals of Cu2Te2O5Cl2. The
anisotropic magnetization suggests that the ground state
is given by a long-range ordered state. However, we ob-
serve an intriguing richness of the magnetic Raman spec-
trum that consists of four sharp peaks as well as of a
weaker, broad continuum. The former are interpreted
in terms of magnon excitation. The latter is due to
two-magnon scattering, whose temperature dependence
is indicative of a minor contribution from localized fluc-
tuations. The scaling of the modes points to a sizable
contribution of singlet fluctuations to a spin dynamics.
II. EXPERIMENTAL SETUP
Single crystals of Cu2Te2O5Cl2 were prepared by the
halogen vapor transport technique, using TeCl4 and Cl2
as transport agents. Magnetic susceptibility was mea-
sured by a SQUID magnetometer (MPMS, Quantum De-
sign). High-field magnetization measurements were car-
ried out by means of a standard inductive method. A
fast sweeping pulsed field was generated by a capacitor
bank of 90 kJ.19 The sample is directly immersed in liquid
3He to maintain a temperature of 0.4 K. Raman scatter-
ing experiments were performed using the excitation line
λ = 514.5 nm of an Ar+ laser in a quasi-backscattering
geometry.20 A comparably small laser power of 0.1 mW
was focused to a 0.1 mm diameter spot on the surface of
the single crystal in contact gas. The scattered spectra
were collected by a DILOR-XY triple spectrometer and
a nitrogen cooled charge-coupled device detector.
III. EXPERIMENTAL RESULTS
A. Magnetic susceptibility and magnetization
Figure 1 displays the temperature dependence of the
magnetic susceptibility χ(T ) in a field H = 0.1 T for H ||
c and H ⊥ c axis, respectively. Our results confirm earlier
data.3,8,17,18,21 With decreasing temperature χ(T ) shows
a broad maximum around Tmax = 24 K. This is asso-
ciated with the onset of short-range magnetic ordering.
Upon further cooling, χ(T ) exhibits a kink around 18.2 K
and then drops to a finite residual value as T → 0. The
kink is identified with a transition to a long-rang ordered
state at TClN =18.2 K as evidenced by the λ-like anomaly
of dχ/dT (see the inset of Fig. 1).
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FIG. 1: Temperature dependence of magnetic susceptibility of
Cu2Te2O5Cl2, χ(T ), in a an applied field of H = 0.1 T for H
|| c and H ⊥ c axis, respectively. Inset: derivative of magnetic
susceptibility, dχ/dT . The kink at TClN =18.2 K corresponds
to long-range magnetic ordering.
In Ref. 3 χ(T ) was approximated in terms of an
isolated tetrahedral model with a spin-gapped state of
∆ ≈ J1 = J2 ∼ 38.5 K where J1 and J2 are two
3intra-tetrahedral exchange interactions. However, it
is difficult to extract accurately the exchange interac-
tions and spin gap from an analysis of χ(T ) since sig-
nificant inter-tetrahedral couplings smear out the spin
gap features.5,18,22,23 Actually, χ(T ) becomes slightly
anisotropic for temperatures below Tmax due to the onset
of long-range correlations. In addition, χ(T ) approaches
a finite value as T → 0 without falling to zero. This sug-
gests that the spin gap is filled with dense singlet-triplet
mixed states leading to a finite magnetization.
0 5 10 15 20 25 30
0.0
0.1
0.2
0.3
 
 
M
ag
ne
tiz
at
io
n 
(
B
/C
u)
H (T)
Cu2Te2O5Cl2
H ll c
H   c
T=0.4 K
FIG. 2: High-field magnetization of Cu2Te2O5Cl2 for H || c
and H ⊥ c axis at T=0.4 K, respectively, measured using a
pulsed magnetic field.
Shown in Fig. 2 is the high-field magnetization. We
observe an anisotropic magnetization behavior. For fields
applied perpendicular to the c axis, the magnetization
displays a linear field dependence, i.e. the susceptibility
is field independent. In contrast, for field applied along
the c axis the magnetization is reduced with a concave
curvature in the studied field interval up to 30 T. We
recall that a magnetization plateau at half the saturation
value has been predicted for a linear chain of spin tetra-
hedra in a spin gapped ground state.24 The absence of a
half magnetization plateau together with the anisotropy
suggests that the ground state is governed by a classi-
cally ordered state rather than by a spin singlet state.
On a qualitative level, the anisotropic magnetization
behavior is compatible with helical magnetic ordering.
The linear field dependence for H ⊥ c is associated
with an easy-plane type magnetization. The change of
the magnetization slope for H ‖ might be related to a
spin-flop transition with an incommensurate wave vector.
B. Raman scattering
The low energy Raman spectra of Cu2Te2O5Cl2 are
displayed in Fig. 3 for (cc), (aa), (ca), and (ab) polar-
izations at 3 K. We do not find any distinct temperature
dependence of the optical phonon modes in the frequency
regime 80 − 700 cm−1. Similar observations have been
made for the other tetrahedra based compounds.4,8,16,17
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FIG. 3: (Online color) Low-frequency Raman spectra of
Cu2Te2O5Cl2 for (cc), (aa), (ca), and (ab) polarizations at
T=3 K. The dashed lines denote the position of four mag-
netic signals. The numbers give their respective energy in
the unit cm−1. The asterisks denote low-frequency phonon
modes that superimpose the magnetic signals.
Hereafter, we will focus on the magnetic excitations
which differ from the phonons by their characteristic en-
ergy scale and the variation of both intensity and energy
with temperature. These excitations are composed of
four peaks at 23 (P1), 39 (P2), 49 (P3), and 67 cm−1
(P4) as well as of a weak broad continuum (2M) extend-
ing from 30 to 120 cm−1. With increasing temperatures
an additional quasielastic signal (QC) is observed. The
modes are observed for all polarizations, indicating that
spin tetrahedra are networked in all three dimensions.
However, also antisymmetric Dzyaloshinsky-Moriya in-
teractions may release the Raman scattering selection
rules.18,25
In Fig. 4 the detailed temperature dependence of Ra-
man scattering data in (ab) polarization of Cu2Te2O5Cl2
is displayed. For a quantitative analysis we fit them to
Gaussian profiles after subtracting peaks with phonon
origin. The resulting peak frequencies and intensities are
depicted in Fig. 5 on a logarithmic temperature scale and
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FIG. 4: (Online color) Temperature dependence of low-
frequency Raman spectra in (ab) polarization. The aster-
isks denote low-frequency phonon modes. Pi (i=1-4) and 2M
correspond to the four sharp magnetic signals and the two-
magnon continuum, respectively.
in Fig. 6 on a log-log plot as a function of the reduced
temperature, t=1-T/TN .
The intensity as well as the energy of modes P1-P4 are
renormalized to a different extent with increasing tem-
peratures. This evolution can be used to characterize the
modes in addition to their absolute frequencies. While
the intensities of P1 and P2 are comparably small and
drop too fast to allow a detailed analysis the modes P3
and P4 show a moderate decrease of intensity following a
more rapid drop in the proximity of TN . In contrast, the
two-magnon scattering intensity increases and even forms
a maximum at 25 K, i.e. very close to the maximum in
the magnetic susceptibility. This increase of the scat-
tering continuum resembles observations in the strongly
frustrated, 2D Shastry-Sutherland system SrCu2(BO3)2.
In the latter system it is due to the localization of triplet
excitations on a strongly frustrated lattice with a tem-
perature independent spin gap.26 It is noteworthy that
in the latter system the intensity drops to zero for small
temperatures while in the spin tetrahedron case finite in-
tensity remains.
Dividing the intensity of magnetic quasielastic scatter-
ing (∆ω ≈ 0) by T2 leads to a measure of the fluctu-
ations of the magnetic energy density. This quantity is
proportional to the specific heat of a quantum spin sys-
tem27 as also observed in SrCu2(BO3)2.
26 In the lower
panel of Fig. 5 this renormalized intensity is plotted for
Cu2Te2O5Cl2 with a sharp maximum at TN which is sim-
ilar to the earlier reported specific heat data.8
With respect to energy the peak frequencies of the
modes P3 and P4 behave different from P1 and P2. The
renormalization for T<TN is less pronounced and more
step-like at T=TN resembling the effect of a first order
FIG. 5: (Online color) (Upper panel) Peak frequency of the
magnetic signals, Pi (i=1-4) and the two-magnon continuum,
2M for Cu2Te2O5Cl2 on a logarithmic temperature scale.
(Lower panel) Scattering intensity of the magnetic signals.
The intensity of quasielastic scattering, QC, is normalized by
T2 to be compared with the magnetic specific heat.8 Lines
are guides to the eye.
like phase transition on the order parameter. In contrast
to P1-P4 the 2M energy does not soften completely from
its low temperature maximum of approximately 76 cm−1.
For temperatures above TClN there is still a finite energy
spectral weight at 41 cm−1 (see the upper panel of Fig. 5).
Comparing these observations with the generic behav-
ior of local magnetic exchange scattering of an AF sys-
tem28 leads to the following conclusions: With respect to
energy the sudden drop in energy and disappearance of
the modes P3 and P4 is anomalous as well as the nearly
constant energy of 2M for temperatures T>TN . With re-
spect to intensity especially the behavior of 2M is note-
worthy. In conventional AF the intensity of exchange
scattering survives several times the Ne´el temperature
without showing an anomalous enhancement. All our
experimental results are consistent with the persistence
of finite energy, short-range correlations, i.e. a gapped
energy spectrum in the temperature regime T>TN .
In Fig. 6 we show a scaling analysis of the peak ener-
gies and intensities by log-log plots as a function of t=1-
T/TN .
32 The full lines in the left panel correspond to a
critical behavior with the exponents β=0.125 and 0.172
5FIG. 6: (Online color) Log-Log plots of the normalized en-
ergy and frequency of magnetic scattering in Cu2Te2O5Cl2
as a function of the reduced temperature, t=1-T/TN . The
results of the individual fits are given in Table I. (Left panel)
Normalized energy E-E0/Emax as a function of temperature
for the modes P1-P4. (Right panel) Normalized intensity,
I/Imax, as a function of t for the modes P3 and P4 compared
to a Boltzmann related scattering factor (full lines) taking the
temperature dependence of the populated energy levels into
account.
TABLE I: Results of fitting the energy of the four magnetic
peaks to a scaling function of (E-E0)/Emax=t
β
Mode E0 + Emax (cm
−1) E0 (cm
−1) Emax (cm
−1) β
P1 25 0 25 0.147
P2 43.5 0 43.5 0.193
P3 50.1 39.1 11 0.125
P4 69.5 54.1 15.4 0.172
in (E-E0)/Emax=t
β , with the temperature independent
energy offset or gap E0. It is clear from the previous dis-
cussion that P3 and P4 can only be described taking a
finite offset E0 into account. The same would be valid
for the 2M energy, however, we have omitted this signal
from the analysis because of its broader line width. To
evaluate a scaling of P1 and P2 this offset is not needed.
Therefore the latter two modes show a seemingly larger
renormalization in the available temperature range. The
detailed results of the individual fits for T=0 are given
in Table I.
In the right panel of Fig. 6 we have analyzed the in-
tensity of P3 and P4 omitting the other two signals due
to their smaller intensities and sharp drop with rising
temperatures. It is obvious that a description of the in-
tensity using a power law is not satisfying. Therefore
we used a model that has been successfully applied to
the intensity of bound states in SrCu2(BO3)2.
26 In this
approach the modes are suppressed due to thermal fluc-
tuations taking the occupation of the modes and their
temperature dependence into account. This leads to a
fit with essentially one free parameter, a scattering ef-
ficiency A, as a prefactor of the Boltzman term. The
normalized intensity of P3 and P4 is therefore propor-
tional to: IB(T ) ∝ (1−A · e
−∆(T)
kBT ) , with ∆(T ) given by
the temperature dependent peak energies P3 or P4, with
A=9 and 0.5, respectively. This indicates that the rigid-
ity of the modes P3 and P4 is determined by thermal fluc-
tuations as the bound states of SrCu2(BO3)2 do. Such
a behavior is not characteristic of the magnetic modes
related to an order parameter.
We relate the temperature dependence peak energies
to the evolution of inter-tetrahedral correlations with the
onset of ordering at T≤TClN . The transversal triplet ex-
citation observed in neutron scattering on the spin chain
system CuGeO3 below its spin-Peierls transition shows a
similar behavior.29
In contrast, the corresponding dependence of P3 and
P4 corresponds to a smaller critical exponent β. There-
fore, we do not attribute these modes to the order param-
eter but to spin singlet fluctuations arising from isolated
spin tetrahedra. The corresponding energy scale is not
so well established and band structure calculations point
to a similar order of magnitude of the inter-tetrahedral
interactions.5 A rough approximation could be given by
a fit to the magnetic susceptibility with an isolated tetra-
hedron model leading to J=38.4 K.3,4 For X=Br there ex-
ists also a high energy mode with very weak temperature
dependence. This triangular, broadened mode might be
understood as composed of several modes, i.e. an overlap
of P3 and P4 of Cu2Te2O5Cl2. Although the higher en-
ergy modes in the two systems show several similarities
there is one major difference in the behavior at higher
temperatures, T>TN . While the broad triangular mode
for X=Br survives several times TN , the sharp modes
for X=Cl rapidly disappear and dissolve in the broader
2M signal. The interpretation of this difference is not
straightforward and could be due to a weakly first order
contribution to the phase transition in Cu2Te2O5Cl2.
Anticipating the later detailed discussion, we summa-
rize that our study unveils a survival of zero-dimensional
quantum fluctuations attributed to individual spin tetra-
hedra even though at lower temperatures long range or-
dering takes place due to the coupling of the spin entities.
C. A comparison of neutron and Raman scattering
In the following we will compare Raman scattering
[Fig. 4 of Ref. 8] with neutron scattering [Fig. 7(a) of
Ref. 14] addressing first the results for X=Br. Two com-
ponents of the magnetic excitation spectrum have been
observed in neutron scattering; (i) a flat, constant energy
component and (ii) a dispersive excitation. In a coupled
tetrahedra system localized, dispersionless excitations
are expected to occur due to intra-tetrahedral interac-
tions and dispersive excitations due to inter-tetrahedral
coupling. In this light, the former is related to a spin gap
feature while the latter to an incommensurate magnetic
ordering. The simultaneous observation of two compo-
nents points to the coexistence of long range order with
6a spin-gapped ground state. As discussed before, in Ra-
man scattering a strongly temperature dependent and a
weakly temperature dependent feature exist. The small
shift of the latter signal is due to the damping of a Gold-
stone mode. Since the softened spectral weight is small,
we conclude that the ground state and spin dynamics
of X=Br is governed by spin singlet fluctuations. This
is supported by the strongly reduced magnetic moment
0.395(5) µB of Cu
2+.10 For temperatures above TBrN the
intensity of the continuum is monotonically suppressed
without any change in lineshape.
The similarity of the spectral response in INS and
Raman scattering is a striking feature considering dif-
ferent mechanisms for the scattering processes. Raman
spectroscopy probes simultaneous two-spin flip processes
leading to a two-magnon continuum. Thus, the magnetic
continuum is proportional to twice the magnon density
of states. In contrast, INS corresponds to a spin-spin cor-
relation function in momentum space. As the available
INS experiments have been performed on polycrystalline
samples the close correspondence between the two spec-
troscopic results might be based on the averaging of the
INS intensity over momentum space. This intensity is
roughly given by the one-magnon density of state.
Next, we turn to the discussion of the chloride. INS
shows a magnetic excitation spectrum that again consists
of two components, that is, a flat, dispersionless band at
6 meV (48 cm−1) and a dispersive lower energy com-
ponent. Its energy scale is smaller, 3 meV (24 cm−1)
and has a gap of 2 meV (16 cm−1).30 INS on a poly-
crystalline sample shows a progressive shift of spectral
weight to lower energy with increasing temperature and
its transfer to a QC diffusive response in the paramag-
netic state [compare Fig. 4 and Fig. 7(b) of Ref. 14].
More recently it has been shown that the dispersive mode
partially softens and remains gapped while being further
broadened.30 The softening of the magnetic excitation
implies the damping of short-range magnetic fluctuations
by thermal fluctuations.31 Therefore, we conclude that
the spin dynamics of X=Cl is dominated by long-range
ordering in contrast to the case with X=Br. This is con-
sistent with the larger ordered moment of 0.88(1) µB in
X=Cl.
D. Analysis of the magnetic Raman scattering
Here we will discuss several options for the potential
origin of the four sharp peaks at 23 (P1), 39 (P2), 49
(P3), and 67 cm−1 (P4). As shown in Fig. 5, the peaks
shift to lower frequency with increasing temperature and
vanish below the magnetic ordering temperature. Thus,
they might originate from a transverse magnon excitation
at q = 0.
Another possible interpretation is in terms of a longi-
tudinal magnon. Such excitations have been observed in
Raman scattering experiments of the sister compound
of X=Br. To be more specific we start by consider-
ing the eigenstates of the isolated tetrahedron at site r
with HamiltonianH (r) = J1 [(Sr1 + Sr2) · (Sr3 + Sr4)]+
J2 (Sr1 · Sr2 + Sr3 · Sr4). These consist of two singlets
s1,2, at least one of which is the ground state, three
triplets tα1,2,3, and one quintuplet q
α. At J1 = J2 the
two singlets form a degenerate ground state. While
J1 ≈ J2 applies to X=Cl, we assume J2 < J1 for definit-
ness and s1 to be the ground state. This is similar
to X=Br. The actual structure of the inter-tetrahedral
coupling in the tellurates is an open issue, but to a
first approximation may be modeled by a molecular field
HMF =
∑
rlMrl · Srl with some incommensurate or-
der parameter Mrl for T < TN .
9,10 As suggested by the
analysis in Refs. 17 and 18, HMF will mix the ground
state singlet with the triplet components along the local
quantization axis of the molecular field. A priori, such
mixing does not have to be restricted to only one of the
triplets, as in Ref. 17, but may involve all three. Dis-
carding the high-energy quintuplet this would imply four
low-energy excited states directly observable at zero mo-
mentum transfer by Raman scattering, i.e. one singlet
s2 at energy 2J1 − 2J2 and three longitudinal magnons
which vanish above TN . The 3 × 2 transverse triplets
contribute to the two-magnon scattering continuum only.
This sets in at higher energies and remains unaffected by
the the transition at TN -as for the remaining one- and
two-magnon contributions from the quintuplet.
From this one should conclude first, that one of the
four modes P1-P4 corresponds to the excited singlet. In
comparison to the 23.2 cm−1 mode for X=Br, P1 would
be a likely candidate for this, leaving P2-P4 for the longi-
tudinal magnons. Second, the singlet mode among P1-P4
should be affected only weakly by an external magnetic
field, while the remaining three should be field-dependent
through their triplet admixture. This should be investi-
gated by future Raman studies in finite magnetic fields.
Finally, for a second order transition the longitudinal
magnon energies should vanish as T → TN for T < TN .
However, while some softening is observable in all of the
modes in Fig. 5, their behavior would be more indicative
of a weakly first order transition. Indeed and depending
on the molecular field, first order transitions may occur
for coupled tetrahedra - as already noted in the comment
under Ref. 12 in Ref. 17.
IV. CONCLUSIONS
To conclude, we have presented a magnetic sus-
ceptibility, high-field magnetization, and Raman scat-
tering study of the coupled spin tetrahedral system
Cu2Te2O5Cl2. Several distinct magnetic excitations are
observed as one-magnon modes in addition to a two-
magnon continuum. The exceptionally rich magnetic ex-
citation spectrum evidences the significance of a localized
spin singlet dynamics arising from zero-dimensional spin
tetrahedra topology even though the static ordered mo-
ment has nearly a classical value.
7Acknowledgements
This work was supported by the German Science Foun-
dation and the ESF program Highly Frustrated Mag-
netism. Work at the EPFL was supported by the Swiss
NSF and by the NCCR MaNEP. Work at FSU was sup-
ported by NSF (DMR-0506946). We acknowledge impor-
tant discussions with R. Valent´ı.
1 See, for example, Magnetic systems with competing inter-
actions, edited by H. T. Diep (World Scientific, Singa-
pore, 1994); John E. Greedan, J. Mater. Chem., 11, 37-53
(2001); R. Moessner and A. P. Ramirez, Physics Today,
Feb., 24 (2006); C. Lhuillier, arXiv:cond-mat/0502464 v1
18 Feb (2005).
2 O. Tchernyshyov, R. Moessner, and S. L. Sondhi, Phys.
Rev. B 66, 064403 (2002).
3 M. Johnsson, K. W. Tornroos, F. Mila, and P. Millet,
Chem. Mater. 12, 2853 (2000).
4 R. Takagi, M. Johnsson, V. Gnezdilov, R. K. Kremer, W.
Brenig, and P. Lemmens, Phys. Rev. B 74, 014413 (2006).
5 R. Valent´i, T. Saha-Dasgupta, C. Gros, and H. Rosner,
Phys. Rev. B 67, 245110 (2003).
6 J. Kreitlow, S. Su¨llow, D. Menzel, J. Schoenes, P. Lem-
mens, and M. Johnsson, Journ. of Mag. and Magn. Mater.
290-91, 959 (2005).
7 X. Wang, I. Loa, K. Syassen, P. Lemmens, M. Hanfland,
and M. Johnsson, J. Phys.: Cond. Mat. 17, S807 (2005); X.
Wang, I. Loa, K. Syassen, and P. Lemmens, unpublished.
8 P. Lemmens, K.-Y. Choi, E. E. Kaul, C. Geibel, K. Becker,
W. Brenig, R. Valent´i, C. Gros, M. Johnsson, P. Millet,
and F. Mila, Phys. Rev. Lett. 87, 227201 (2001).
9 O. Zaharko, A. Daoud-Aladine, S. Streule, J. Mesot, P.-J.
Brown, and H. Berger, Phys. Rev. Lett. 93, 217206 (2004).
10 O. Zaharko, H. Rønnow, J. Mesot, S. J. Crowe, D. McK.
Paul, P. J. Brown, A. Daoud-Aladine, A. Meents, A. Wag-
ner, M. Prester, and H. Berger, Phys. Rev. B 73, 064422
(2006).
11 S. J. Crowe, M. R. Lees, D. McK. Paul, R. I. Bewley, J.
Taylor, G. McIntyre, O. Zaharko, and H. Berger, Phys.
Rev. B 73, 144410 (2006).
12 M. Prester, A. Smontara, I. Zivkovic, A. Bilusic, D.
Drobac, H. Berger, and F. Bussy, Phys. Rev. B 69,
180401(R) (2004).
13 A. V. Sologubenko, R. Dell’Amore, H. R. Ott, and P. Mil-
let, Eur. Phys. J. B 42, 549 (2004).
14 S. J. Crowe, S. Majumdar, M. R. Lees, D. McK. Paul, R.
I. Bewley, S. J. Levett, and C. Ritter, Phys. Rev. B 71,
224430 (2005).
15 P. Lemmens, K.-Y. Choi, A. Ionescu, J. Pommer, G.
Gu¨ntherodt, R. Valent´i, C. Gros, W. Brenig, M. Johns-
son, P. Millet, and F. Mila, J. Phys. Chem. Solids 63,
1115 (2002).
16 P. Lemmens, K.-Y. Choi, G. Gu¨ntherodt, M. Johnsson, P.
Millet, C. Gros, and W. Brenig, Physica B 329-333, 1049
(2003).
17 C. Gros, P. Lemmens, M. Vojta, R. Valent´i, K.-Y. Choi,
H. Kageyama, Z. Hiroi, N. V. Mushnikov, T. Goto, M.
Johnsson, and P. Millet, Phys. Rev. B 67, 174405 (2003).
18 J. Jensen, P. Lemmens, and C. Gros, Europhys. Lett. 64,
689 (2003).
19 H. Nojiri , K.-Y. Choi, N. Kitamura J. Magn, Magn, Mat-
ter 10, 1468 (2007).
20 P. Lemmens and K.Y. Choi, Scattering: Inelastic Scat-
tering Technique - Raman, in Encyclopedia of Condensed
Matter Physics, Eds. G. Bassani, G. Liedl, P. Wyder, El-
sevier Publishers, Amsterdam (2005).
21 Z. Jaglicic, S. El Shawish, A. Jeromen, A. Bilusic, A.
Smontara, Z. Trontelj, J. Bonca, J. Dolinsek, and H.
Berger, Phys. Rev. B 73, 214408 (2006).
22 M.-H. Whangbo, J.-J. Koo, D. Dai, and D. Jung, Inorg.
Chem. 42, 3898 (2003).
23 W. Brenig, Phys. Rev. B 67, 064402 (2003).
24 K. Totsuka and H.-J. Mikeska, Phys. Rev. B 66, 054435
(2002).
25 V. N. Kotov, M. E. Zhitomirsky, M. Elhajal, and F. Mila,
Phys. Rev. B 70, 214401 (2004) and V. N. Kotov, M. E.
Zhitomirsky, M. Elhajal, and F. Mila, J. Phys.: Condens.
Matter 16, S905 (2004).
26 P. Lemmens, M. Grove, M. Fischer, G. Gu¨ntherodt, V.
N. Kotov, H. Kageyama, K. Onizuka, and Y. Ueda, Phys.
Rev. Lett. 85, 2605 (2000).
27 P. Lemmens, G. Gu¨ntherodt, and C. Gros, Phys. Rep. 375,
1 (2003).
28 M. G. Cottam and D. J. Lockwood, Light scattering
in Magnetic Solids, Wiley-Interscience Publ., New York,
1986.
29 M. Nishi, O. Fujita, and J. Akimitsu, Phys. Rev. B 50,
6508 (1994).
30 S. Streule, private communication (2005), and S. Streule,
H. M. Ronnow, Ch. Niedermayer, H. Berger, and J. Mesot,
SINQ progress report (2005).
31 K.-Y. Choi, S. A. Zvyagin, G. Cao, and P. Lemmens, Phys.
Rev. B 69, 104421 (2004) and references therein.
32 In Raman scattering on a large semi-transparent crystal of
CuGeO3 and otherwise similar experimental conditions we
have estimated a local heating of the samples of 0.5 K/mW
around T=14 K and an error of the temperature sensor of
±0.5 K. We have tested the effect of a moderate change of
TN in the power law fits leading to an approximate error
of 10-20% in β.
